
readily available in our laboratories. Both were evaluated for
their DNA binding capacity and nuclear import capabilities.
To assess accumulation of histone H2B into the nucleus,

Alexa Fluor 555-labeled human recombinant histone H2B
(Alexa-H2B) protein was incubated with the minimal import
machinery consisting of recombinant importin-�, -�, and Ran,
in the absence or presence of WGA, and an ATP-regenerating
system. After 6 h of incubation, cells were fixed and nuclei visu-
alized byCLSM. Fig. 3 shows that Alexa-Fluor 555 fluorescence
(Fig. 3A) matched the corresponding nuclei in the superim-
posed phase image, indicating the nuclear accumulation of the
Alexa-H2B. Alexa Fluor 555 rim-staining (Fig. 3D) indicated
inhibition of the histone H2B nuclear accumulation by WGA,

consistent with a previous study
demonstrating the energy-depend-
ent nuclear import of fluorescein-
labeled histone H2B into permeabi-
lized HeLa cells (18). Quantification
of the Alexa-H2B nuclear fluores-
cence intensity (Fig. 3G) showed
a 60% inhibition of the histone
H2B nuclear accumulation by
WGA (p � 0.001). To determine
whether histone H2B functions as
a pDNA nuclear shuttle protein,
we performed permeabilized im-
port assays in the presence of the
minimal import pathway. Alexa-
H2B was incubated with Oregon
Green/pCMV�-DTS, recombinant
importin-�, -�, and RAN in the
presence or absence of WGA. After
6 h, the Oregon Green/pCMV�-
DTS co-localized with the nuclear-
accumulated Alexa-H2B (Fig. 3, B
andC). In the presence ofWGA, the
nuclear accumulation of both the
histone H2B and pDNA was inhib-
ited (Fig. 3, E and F). Enhancing the
brightness and contrast of the fluo-
rescent images reveals the presence
of some residual pDNA staining
when the pDNA shuttle protein-
nuclear import mediated by the
H2B was inhibited by WGA (data
not shown). Clearly, manipulating
a single image within an experi-
ment misrepresents the data and
is not acceptable; therefore, the
images shown in Fig. 3 are unal-
tered. Quantification of the Alexa-
H2B nuclear accumulation, shown
in Fig. 3I, demonstrates significant
(p � 0.001) WGA inhibition.
As NM23-H2 lacks a discrete

NLS, and its mechanism of nuclear
entry is unclear we hypothesized
that the constitutively expressed

Hsc70, a member of the (Hsp) 70 family of molecular chap-
erones, plays a crucial role in the nuclear import of a subset
of cytoplasmic proteins. Hsc70 possesses a NLS, has been
shown to co-immunoprecipitate with a NDP kinase homol-
ogous to the NM23-H1 and -H2 isoforms in fish hepatocytes
(19, 20), and facilitates entry of karyophilic proteins into
digitonin-permeabilized rat kidney cells (21). In our present
study, Hsc70 was identified in spot number 19 on pH 3–10/
SDS-PAGE gel and we, therefore, used recombinant Hsc70 in
our characterization of NM23-H2-mediated pDNA nuclear
import. Alexa-NM23-H2 and Oregon Green/pCMV�-DTS
were incubated with a recombinant importin-�, -�, Ran mix-
ture, an ATP-regenerating system and Cy5-Hsc70, and nuclear

FIGURE 3. Nuclear entry and plasmid DNA nuclear import activity of recombinant histone H2B. Digitonin-
permeabilized HeLa cells were incubated with Oregon Green/pCMV�-DTS (10 �g/ml), cytoplasmic extract (5
mg protein/ml), and Alexa histone H2B in the absence (A–C) or presence (D–F) of WGA (100 �g/ml). After
incubation, cells were processed, as indicated under “Experimental Procedures” and fluorescence images of
0.5 �m optical sections and corresponding phase contrast images visualized using a CLSM. Representative
central section fluorescent images matched and superimposed with their respective phase contrast images are
shown. Alexa Fluor-555 (red) channel; (A, D), Oregon Green 488 (green) channel; (B, E). Alexa Fluor 555 confocal
images for histone H2B were matched to their respective Oregon Green-pDNA images, and a picture overlay
was performed using Adobe Photoshop to show co-localization in the absence (C) or presence of WGA (F). Bar,
10 �m. G, quantification of the Alexa-histone H2B nuclear fluorescence intensity in the central confocal sec-
tions. The bars represent mean � S.E. of the background subtracted Oregon Green/pCMV�-DTS nuclei fluo-
rescence intensity (n � 33 nuclei). The asterisk indicates a significant (p � 0.001) difference from import activity
supported by recombinant importin-�, -�, and Ran alone.
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accumulation of the NM23-H2 and import activity assessed
after 6 h by CLSM analysis. Alexa Fluor 555 fluorescence (Fig.
4A) wasmatched to the nuclei indicating nuclear localization of
the fluorescentNM23-H2. Fig. 4E shows perinuclear staining in
the presence of WGA. Cy5-Hsc70 also accumulated in the
nucleus (Fig. 4C), this process being inhibited by WGA (Fig.
4G). Quantitation of the Hsc70-mediated-nuclear accumula-
tion of Alexa Fluor 555 fluorescence, shown in Fig. 4I, demon-
strates that as well as an 80% inhibition by WGA (p � 0.001),
NM23-H1was unable to enter the nucleus either in the absence
or presence of WGA.
Finally, the ability of NM23-H2 to support pDNA nuclear

import was assessed by incubating Alexa-NM23-H2 with Ore-
gon Green/pCMV�-DTS, recombinant importin-�, -�, Ran,
and Hsc70 in the presence or absence of WGA. After 6 h of
incubation, Oregon Green-pDNA co-localized with the Alexa-

NM23-H2 (Fig. 4, B and D). The
nuclear import of the Alexa-NM23-
H2/Cy5-mediated/Oregon Green-
pDNAwas inhibited by the addition
ofWGA(Fig. 4,F andH). Enhancing
the Oregon Green-pDNA images in
Fig. 4 shows the presence of residual
pDNA staining when the pDNA
nuclear import mediated by the
NM23-H2 was inhibited by WGA
(data not shown). As such, manipu-
lation of single images within an
experiment wouldmisrepresent our
data; the fluorescent images shown
are unaltered.
Fig. 5 shows the quantification

of nuclear-localized pDNA fluores-
cence intensity following 6 h of
incubation of Oregon Green/pDNA
with Alexa-NM23-H2, -NM23-H1
(with Cy-5-Hsc70), or histone H2B
in the presence of recombinant
importin-�, -�, and Ran compared
with native cytoplasmic HeLa ex-
tract. Both NM23-H2 and histone
H2B restored nuclear import activ-
ity to the levels observed for native
cytoplasmic extract. Interestingly,
the NM23-H1 isoform in the pres-
ence of Hsc70 was unable to recon-
stitute pDNA nuclear import activ-
ity and showed nuclear fluorescence
intensities similar to baseline levels
seen for recombinant importin-�,
-�, and Ran alone.
Inserting Nuclear Shuttle Protein

Sequences into pCMV�-DTS Plas-
mid Enhances Reporter Gene Trans-
fer Efficiency—We addressed the
effect of incorporating binding se-
quences from DNA nuclear shuttle
proteins on the transfer of pCMV�-

DTS in living HeLa cells. Two sequences, a 34-bp oligonucleo-
tide making up the c-myc nuclease-hypersensitive element
(NHE) fragment (CTCCCCACCTTCCCCACCCTCCCCAC-
CCTCCCCA), and a 26-bp oligonucleotide (ATGCATAAC-
TAATTAGCTTAGGTTAT) comprising the DNA-binding
sequences of two representative putative shuttle proteins,
(NM23-H2 and paired-type homeodomain protein Chx10,
respectively (22, 23)) were inserted into the pCMV�-DTS plas-
mid to produce the DNA nuclear shuttle protein plasmids
pCMV�-DTS/NM23-H2 and pCMV�-DTS/Chx10 (Fig. 6A).
We then compared the transfer efficiencies of these two novel
plasmidswith control pCMV�-DTS inHeLa cells in culture. To
test directly gene transfer in cells with intact nuclear mem-
branes, shown here to be limiting for gene transfer in non-
dividing cells, we performed gene transfer experiments in cells
blocked at the G1/S border using a combination of serum dep-

FIGURE 4. Nuclear entry and plasmid DNA nuclear import activity of recombinant NM23-H2. Digitonin-
permeabilized HeLa cells were incubated with Oregon Green/pCMV�-DTS, cytoplasmic extract, Cy5-Hsc70,
and Alexa-NM23-H2 in the absence or presence of WGA. After incubation, cells were processed, as indicated
under “Experimental Procedures,” and fluorescence images of 0.5-�m optical sections and corresponding
phase contrast images visualized using a CLSM. Representative central section fluorescent images matched
and superimposed with their respective phase contrast images are shown. Alexa-NM23-H2 in the absence
(A–D) or presence (E–H) of WGA (100 �g/ml). Alexa Fluor-555 (red) channel; (A, E), Oregon Green 488 (green)
channel; (B, F), Cy-5 (blue) channel; (C, G). Alexa Fluor 555 confocal images for NM23-H2 were matched to their
respective Oregon Green-pDNA images and a picture overlay was performed to show co-localization in the
absence (D) or presence of WGA (H). Bar, 10 �m. I, quantification of the Alexa-H2B and Hsc70-mediated Alexa-
NM23-H2 nuclear fluorescence intensity in the central confocal sections. Bars represent mean � S.E. of the
background-subtracted Oregon Green/pCMV�-DTS nuclei fluorescence intensity (n � 33– 42 nuclei). The
asterisk indicates significant (p � 0.001) difference from import activity supported by recombinant importin-�,
-�, and Ran alone.
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rivation and aphidicolin treatment (supplemental Fig. S5). We
transiently transfected G1/S-arrested cells with 1 �g of
pCMV�-DTS/NM23-H2 or pCMV�-DTS/Chx10 and control
pDNA (pCMV�-DTS). Forty-eight hours after transfection,
the cells were harvested, and �-galactosidase specific activities
measured in cell lysates using a chemiluminescent assay (sup-
plemental data). Fig. 6B shows cells transfected with the two
novel pDNAs showed significantly (p � 0.05) higher levels of
�-galactosidase activity (pCMV�-DTS/NM23-H2: 2.3 � 0.4
and pCMV�-DTS/Chx10: 1.9 � 0.3; expressed as ratio of
pCMV�-DTS �-galactosidase activity) compared with cells
transfected with pCMV�-DTS. Taken together with the results
demonstrating the ability of putative shuttle proteins to sup-
port pDNA nuclear import, re-engineering pDNA with shuttle
protein DNA-binding sequences enhances the gene transfer
�2-fold presumably by increasing the “capture” of the pDNA
by cytoplasmic-resident nuclear targeting, DNA-binding
proteins.

DISCUSSION

Wehave identified and isolated cytoplasmic determinants of
pDNAnuclear import into digitonin-permeabilizedHeLa cells.
We report thatwhereas addition of purified importin-�, -�, and
Ran is sufficient to support protein nuclear import, pDNA
nuclear import also requires complementation with purified
cytoplasmic extract, and isWGA inhibitable. Further, we dem-
onstrate a �2-fold enhancement of gene transfer upon inser-
tion ofDNAbinding sequences from representativeDNA shut-
tle proteins, NM23-H2 and homeobox transcription factor
Chx10, into reporter gene plasmids.
Previous investigations of plasmid nuclear entry in intact and

digitonin-permeabilized cells have reported that pDNA is
transported into the nucleus in association with nuclear-tar-
getedDNA-binding proteins, such as transcription factors.Our
finding that shuttle proteinswithin the cytoplasmic extractmay

be crucial for the import of DNA into nuclei of permeabilized
cells is consistent with the notion that pDNA transport across
the nuclear membrane follows the principles for protein
import. Interestingly, the requirement for sequence specificity
and protein cofactors in the nuclear import of smooth muscle
cell-� DTS (SMGA DTS) plasmid micro-injected into smooth
muscle cells (SMC) has recently been demonstrated in one of
our laboratories (24). This study found that binding sites for the
vascular SMC-specific transcription factors serum response
factor (SRF) and mammalian bagpipe homologue (NK3) where
required for nuclear import. These data suggest the possibility
of constructing cell-specific nuclear-targeted plasmids. Indeed,
previous investigations have reported that pDNA can be trans-
located into the nucleus by inserting the transcription factor
nuclear factor-�� (NF-��)) binding sequences into pDNA (11,

FIGURE 5. Quantification of the Oregon Green 488-labeled pDNA nuclear
fluorescence intensity in the central confocal sections is shown. Bars rep-
resent mean � S.E. of the mean background-subtracted Oregon Green/
pCMV�-DTS nuclei fluorescence intensity (n � 33– 42 nuclei). The asterisk
indicates significant (p � 0.001) difference from import activity supported by
recombinant importin-�, -�, and Ran alone.

FIGURE 6. Plasmids (A). Abbreviated elements are as follows: CMViep, CMV
immediate early promoter/enhancer; Chx10 or NM23-H2, binding sequences
from shuttle proteins, Chx10 and NM23-H2, respectively; SV40 DTS, SV40 DNA
nuclear targeting sequence. �-Galactosidase reporter gene activity of
pCMV�-DTS/NM23-H2 and pCMV�-DTS/Chx10 (B). Forty-eight hours after
Lipofectamine 2000-mediated transfection of G1/S-arrested HeLa cells with 1
�g of either control pCMV�-DTS, pCMV�-DTS/NM23-H2, or pCMV�-DTS/
Chx10, �-galactosidase activity was assayed. Data represent the mean ratio of
the �-galactosidase activity (RLU/mg protein) in cells transfected with
pCMV�-DTS/NM23-H2 or pCMV�-DTS/Chx10 and pCMV�-DTS (means � S.E.
error bars; n � 12 dishes from three independent experiments).
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25, 26).Here, we set out to extend the previous investigations by
characterizing the nuclear-targeted DNA-binding proteins in
the HeLa cytoplasmic extracts that mediate the import of
pDNA into permeabilized cells. The fact that the pCMV�-
DTS/PNA-Sepharose column, but not the control PNA-Sepha-
rose column, depleted the cytoplasmic extract suggested the
feasibility of an affinity isolation approach to identify these
proteins. Using a pCMV�-DTS/PNA-Sepharose affinity col-
umn, we showed that pCMV�-DTS/PNA-Sepharose eluates
restored nuclear import activity to levels comparable with
those seen for native cytoplasmic extracts.
Analysis of pDNA nuclear import active fractions by two-

dimensional SDS-PAGE revealed protein spots on the elu-
tion gels representing those proteins that were enriched in
the eluate fraction, presumably on the basis of their ability to
bind to immobilized pCMV�-DTS/PNA. Thus, two-dimen-
sional SDS-PAGE produced a high-resolution protein map
of the putative DNA-binding shuttle proteins. Spot analysis
showed a �4-fold reduction in complexity of the elution
fraction compared with that of the native extract, control, or
pDNA column flow-throughs.
We next identified proteins in the plasmid DNA nuclear

import active fraction by sequence analysis using mass spec-
trometry. The fact that key members of the nuclear import
machinery, importins-� and -�, as well as DNA-binding pro-
teins such as common transcription factors were not detected
with the proteomics approach is consistent with the well rec-
ognized caveat regarding the use ofmass spectrometric analysis
in conjunction with two-dimensional SDS-PAGE. Thus, while
the two-dimensional SDS-PAGE separation strategy with its
unique ability to resolve proteins offers a powerful qualitative
tool, it biases against identification of low abundance proteins
such as signaling molecules and transcription factors. Further,
high abundance proteins may co-migrate and overshadow the
low abundance proteins, making these difficult to detect.
Interestingly, metabolic proteins made up the majority of

proteins identified in the overall spectrometric analysis. This
was initially puzzling, but reports have recently suggested that
several nuclear-localized glycolytic enzymes display additional
moonlighting roles and carry out non-glycolytic functions (27).
Moreover, some glycolytic enzymes with non-glycolytic prop-
erties, such as �-enolase (spot numbers 18 and 37 on the pH
3–10 and pH 6–9/SDS-PAGE, respectively), are known to pos-
sess evolutionarily conserved consensus myc-binding sites in
their regulatory DNA sequences (28). The fact that proteins
involved in protein fate, defense, stress and detoxificationmade
up a significant fraction of the total protein captured by the
immobilized pDNA under native conditions is not surprising.
To protect themselves from oxidative stress and reactive oxy-
gen species (ROS)-mediated protein folding, unfolding, and
aggregation, cells are equipped with a variety of antioxidant
proteins. Those identified in this study include peroxiredoxin 1
and molecular chaperones, such as heat shock proteins (HSP)
90. Specific effects on these mechanisms resulting from the
introduction of exogenous DNA have not yet been described,
but may be important to assess in future gene transfer studies.
As for all proteomes, the functional concentration of proteins
in the cytoplasm is in a dynamic state and proteins involved in

protein fate play a key role in the regulation of protein synthesis
and degradation. Ubiquitin-conjugating enzyme E2 (spot num-
ber 4, pH 3–10/SDS-PAGE) is an example of an enzyme
involved in the covalent conjugation of ubiquitin to other pro-
teins, which in turn results in the signaling of several different
protein fates (29).
Characterization of pDNAnuclear accumulation and import

activity of two representative pDNA shuttle proteins showed
that both the histone H2B and NM23-H2, but not the control
NM23-H1, were able to accumulate into the nuclei of perme-
abilized cells via the importin-�-/�-/Ran-dependent import
pathway. Accumulation of both fluorescent-labeled recombi-
nant proteins was WGA-inhibitable and energy-dependent.
Both recombinant histone H2B and NM23-H2 were able to
restore nuclear import activity to wild-type levels observed for
native cytoplasmic extract in the presence of recombinant
importin-�, -�, and Ran. Further, when we inserted consensus
binding sequences from two representative shuttle proteins,
NM23-H2, and Chx10, we were able to demonstrate an
increase in gene transfer efficiency. Importantly, the observed
increase in gene transfer efficiency occurred in growth-arrested
(non-dividing) cells, presumably by enhancing capture and
subsequent transport across the NPC by their corresponding
nuclear-targeted DNA nuclear shuttle proteins.
Recently, investigations demonstrating a significant increase

in transgene expression following transfection with pDNA
encoding firefly luciferase possessing 5, 10, and 20 repeats of
NF-��-binding sequences inserted upstream of the CMV pro-
moter region has been reported (26). Consistent with this find-
ing, we show here, the insertion of a single NM23-H2 or Chx10
DNA-binding site into the reporter plasmid CMV�-DTS
increases �-Gal transgene expression significantly. Further
work is needed to elucidate whether increasing the number of
DNA binding sequences inserted, as well as optimizing their
site placement on the pDNA further increases gene transfer
above levels observed in the present study.
In conclusion, we have identified eight pDNA-bound pro-

teins present in both the cytoplasmic and nuclear compart-
ments, which represent a potential sink for the transport of
exogenously added DNA to the nucleus. We have inserted
binding sequences from the nuclear targeted-DNA binding
shuttle proteins to construct plasmids that produce a signifi-
cant increase in gene transfer efficiency when transfected into
non-dividing cells (possessing an intact nuclearmembrane bar-
rier), presumably by enhancing translocation of pDNA across
the NPC into the nucleus.
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